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Abstract
Decreasing feed in tariffs and system prices combined with an increase of electricity tariffs supports the trend to install PV 
storage systems in private households. In the past years several investigations and field trials have shown, that these systems can 
increase the self consumption of PV-power and support the self sufficiency of private households [1], [2], [3], [4], [5], [6]. These 
systems also have a positive influence on the low-voltage grid [7], [8]. 
In recent years several investigations have been done to determine the optimal system configuration. They focus on the storage
and PV generator size [9] or the applied storage technology [10]. In general, the mode of operation follows a simple regime: If 
PV production is larger than the actual consumption, PV power is stored. If the local consumption is higher than the actual PV
production, stored power is used as long as available. Only slight modifications have been done, to map the price and efficiency 
effects of power electronics [11], [12]. Therefore, the results are limited to a single mode of operation. In this presentation, we 
derive a mathematical framework, which allows the calculation of the upper performance limit for a specific household and 
storage system, without any assumption on the operation strategy. We apply these analysis to a large set of German households
and compare the upper performance limit for two different storage system designs: A system with relative short lifetime and 
small capacity on the one hand and another with a long lifetime and larger capacity
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1. Introduction
Several investigations and field trials have shown, that pv storage systems are able to increase the self 
consumption of pv power and support to self sufficiency of private households [2], [13], [14]. These systems also 
have a positive influence on the low-voltage grid [7], [8], which can be increased if supporting operation modes for 
dedicated ancillary services are installed.
In recent years several investigations have been done to determine the optimal system configuration. They focus 
on the storage and pv generator size [15] or the applied storage technology [10]. In general, the mode of operation 
follows a simple regime: If PV production is larger than the actual consumption, PV power is stored. If the local 
consumption is higher than the actual PV production stored power is used as long as available. Only slight 
modifications have been done to map the price and efficiency effects of power electronics [11].
In this study we extend the previous investigations by asking a simple question: “What is the upper performance 
limit for a given pv storage system, if a load and production profile is provided?” In order to answer this question, a 
mathematical framework has been derived, which map the above question to a linear program [16], [17], [18].
These upper performance limits are investigated for two different system designs. The first system uses a small 
capacity and a lifetime of about 10 years. The second system follows has a high capacity and a system lifetime of 
about 20 years. These limits are calculated for a larger set of private household with varying size of pv plants.
2. Generic description of pv storage systems
In this section we describe our approach to determine the upper performance limits. We use a generic description 
of the energy and power flows, which map the functionality of a pv storage system to a linear optimization problem 
[16].
Figure 1: Representation of the power and energy flows of an PV storage system. The energy and power flow path are connected to specific 
efficiencies, which describe the power (or energy) lost of the transportation from A to B.
The function of a pv storage system can be described in terms of its power and energy flows [19], Figure 1
shows this map. There are four different nodes which describes the power or energy sinks and sources of the system. 
ܲ௧ refers to the PV production of the system. ܮ௧ the load demand of the household. ܩ௧ represents the grid. ܵ௧
describes the storage component of the system. These nodes are connected via links, which describes the transfer of 
power or energy from A to B. Since these transfers have different efficiencies, ߟ௑,௒(ܯ௒) describes the efficiency of 
a transfer of ܯ௒from X to Y.
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Table 1: Description of used symbols
Symbol Measure Description
ܲ௧ [W] Maximum pv Power at time t.
ௌܲ
௧ , ܲீ௧ , ௅ܲ௧ [W] pv Power transferred from pv at time t to the storage system ( ௌܲ௧), into the grid (ܲீ௧ )
or to cover the load ( ௅ܲ
௧).
ܵ௅௧ , ܵீ௧ [W] Power transferred at time t to cover the load (ܵ௅௧) or to feed into the grid (ܵீ௧ ).
ܵ௧ିଵ, ܵ௧ାଵ [Wh] Energy which has been stored in the battery in the past (ܵ௧ିଵ) and energy which is 
stored to be used in the future (ܵ௧ାଵ).
ܩௌ௧ ,ܩ௅௧ [W] Power used to charge the battery at time t (ܩௌ௧) or used to cover the loads of the 
household (ܩ௅௧).
ߟ௑,௒(ܯ௒) Efficiencies to transfer ܯ௒ from X to Y.
This description is generic and describes all kind of pv storage systems independent from the used topology and 
storage technology. The information about the used technology is somewhat hidden in the transfer efficiency 
ߟ௑,௒(ܯ௒).
The power and energy flow of each node follows some boundary conditions: 
ௌܲ
௧ + ௅ܲ௧ + ܲீ௧ ൑ ܲ௧
ܮ௧ െ  (ܩ௅ ௧ + ߟ௉௅ ௅ܲ௧ + ߟௌ௅ܵ௅௧) = 0
ߟ௉ௌ ௌܲ௧ + ߟீௌܩௌ௧ +
ఎೄ೟షభ,ೄ೟ ௌ
೟షభ
௱௧
െ ቀௌ
೟శభ
௱௧
+ ܵீ௧ + ܵ௅௧ ቁ = 0 1
These three equations limit the power and energy flow internally, in addition some requirements are necessary to 
describe the grid connections.
The power flow from the grid needs to be smaller than ܣܥ୫ୟ୶. The maximum injected power have different 
requirements: For PV plants smaller than 30kWp, the subsidiaries in Germany requires that the injected power shall 
not exceed x% of the installed generator power ௜ܲ௡௦௧ , i.e.
െܣܥ௠௔௫ ൑ ߟ௉,ீܲீ௧ + ߟௌ,ீܵீ೟௧ െ ܩ௅೟௧ െ ܩௌ೟௧ ൑ ݔ% ௜ܲ௡௦௧ . 2
The VDE-AR-N 4105 requires that in case of a single phase injection, the injected power shall be lower than 
4,6kVA. The formulation of this requirement depends on the used system topology. AC-systems face two 
limitations:
ߟ௉,ீܲீ௧ + ߟ௉,௅ ௅ܲ௧ + ߟ௉,ௌ ௌܲ௧ ൑ 4.6 ܹ݇ 3
and 
ߟௌ,ீܵீ௧ + ߟௌ,௅ ܵ௅௧ െ  ߟீ,ௌܩௌ௧ ൑ 4.6 ܹ݇ 4
while DC-systems require only one boundary conditions, which involves all power flow via the AC-grid:
ߟ௉,ீܲீ௧ + ߟ௉,௅ ௅ܲ௧ + ߟௌ,௅ܵ௅௧ + ߟௌ,ீܵீ௧ െ  ߟீ,ௌܩௌ௧ ൑ 4.6 ܹ݇ 5
Note, that in this study only active power is investigated, i.e. cos߶ = 1.
These equations define the complete set of boundary conditions for the power and energy flows of a pv storage 
system. They summarize the technical requirements of pv storage systems.
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In order to optimize the power and energy flows, a target function needs to be defined. In this study, we evaluate 
each power and energy flow in terms of its yield or cost. The optimal flow will reduce the cost and increase yield, 
which have a simple straight forward formulation.
The main driver for cost are the actual tariff for electricity ܿ௚௖௧ . The main driver for additional yield is the feed-in 
tariff ܿ௜௡௧ . It is assumed that the electricity price always exceeds the feed-in tariff, i.e.
׊ݐ: ܿ௚௖௧ ൒ ܿ௜௡௧ 6
For each power and energy flow the yield can be determine:
ܻ௉ಸ೟ : ߟ௉,ீܿ௜௡௧ ܲீ௧߂ݐ
ܻ௉ಽ೟: ߟ௉,௅ܿ௚௖௧ ௅ܲ௧߂ݐ
ܻ௉ೄ೟: െ(1െ ߟ௉,ௌ) ܿ௚௖௧ ௌܲ௧߂ݐ
ܻௌಸ೟ : ߟௌ,ீܿ௜௡௧  ܵீ௧߂ݐ
ܻௌಽ೟: ߟௌ,௅ܿ௚௖௧ ܵ௅௧߂ݐ
ܻௌ
ೄ೟శభ
೟ : ߟௌ,ௌ೟శభܿ௚௖௧  ௌܵ೟శభ௧
ܻீೄ೟ : െߟீ,ௌܿ௚௖௧ ܩௌ௧߂ݐ
ܻீಽ೟ : ܿ௚௖௧ ܩ௅௧߂ݐ
7
It is assumed that the power flow is constant during ȟݐ. The total yield of a given set of power and energy flow is 
the sum of all flow yields, i.e.
ܻ௧ = ܻ௉ಽ೟ +  ܻ௉ಸ೟ + ܻ௉ೄ೟ + ܻௌಸ೟ + ܻௌಽ೟ +  ܻௌೄ೟శభ೟ + ܻீೄ೟ + ܻீಽ೟ 8
The upper performance limit is the set of power and energy flows, which maximizes the total yield of all time 
steps within the investigated time period: 
݉ܽݔ ܻ = σ ܻ௧்௧ , 9
By neglecting the nonlinear terms, the whole problem simplifies to a linear program, which has at least one 
global optimal solution. This linear program can be solved by the simplex algorithm [20].
3. System design and benchmark data
In this study, we investigate two different systems, following two different design concepts (Table 2). System 1 
use a small battery with 3.000 Wh installed capacity and a life time of 10 years. The charge and discharge rate are 
limited to 1,5 kW. The second system has a larger installed capacity of about 8.800 Wh, with a life time of about 20 
years and 5 kW charge and discharge rate. 
The depth of discharge is always 80% of the actual available capacity. The capacity at the end of lifetime equals 
70% of the beginning of life capacity. 
Since the size of the pv generator varies in this study, the power flow from pv to the grid and to the load equals 
the maximum MPP-power of the pv generator. This is an extension to the original system design discussed in [16],
since systems are sticked to the specified MPP-power. In this study, we assume that the pv generator has an 
additional pv inverter, which combines all strings with a pv power larger than 5 kWp. We also assume that the 
efficiency of this second inverter equals the efficiency of system 1 or system 2 respectively.
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Table 2: Description of the two investigated pv storage systems.
System 1 System 2
BOL installed 
Capacity
3.000 Wh 8.800 Wh
ܕ܉ܠࡼࡿ 1.500 W 5.000 W
ܕ܉ܠࡿࡸ,ࡿࡳ 1.500 W 5.000 W
Lifetime 10 years 20 years
 ܕ܉ܠ ࡼࡳ,ࡼࡸ ௜ܲ௡௦௧ ௜ܲ௡௦௧
In this study a set of 40 German households has been investigated. Their consumption varies between 
1.000 kWh/a and 10.000 kWh/a and their base load varies between 50 W and 500 W. In order to avoid additional 
fluctuations caused by different orientation of pv plants, only one single pv generator is used. The pv power is 
scaled up in accordance to the investigated installed kWp.
4. Upper performance limits
4.1. Discounted yield of a pv storage system
In order to determine the performance of pv storage systems, several studies uses the self consumption rate 
ܵܥ and the self sufficiency rate ܣ [13][6]. The self consumption rate is the ratio between the self consumed pv 
energy and the overall produced energy ௉ܻ௏. The self sufficiency is the ratio between the self consumed pv power 
and the overall electrical consumption ௚ܻ௖. Both rates are necessary to determine the total yield ்ܻ of a pv storage 
system over the system lifetime:
்ܻ =෍ ௚ܻ௖(1 െ ܣ) ܿ௚௖ ൬
1 + ߢ௚௖
1 + ߢ௠൰
௜
+ ௉ܻ௏(1 െ ܵܥ)ܿ௜௡ ൬
1
1 + ߢ௠൰
௜ே
௜
 10
In this equation ߢ௚௖ is the average increase in electrical power price, which is the sum of two economical effects: 
the inflation and the price increase. In this study ߢ௚௖ equals 4,4%, i.e. we assume an average price increase of 2,4% 
and an inflation of 2%. ߢ௠ is the average market interest, which is set to 2,5% in this study.
The second part of equation 4.1 equals the yield from energy sells. The first term represents the saved energy cost. 
Without any pv installation the self sufficiency equals zero, in this case the customer needs to buy all the needed 
power from the utility. Installing a pv storage system increases the self sufficiency. The saved energy costs are
interpreted as yield.
The advantage of the investigation of the total yield is the fact, that it is independent from the overall system 
price. The total yield shows the total benefit of the system. It consists of the value of the saved energy cost and the 
yield gained by selling PV power.
4.2. Upper performance limits
In Figure 2 the discounted yield for varying pv sizes are shown. Since large variations of yield are observed, not 
only the mean value but also the variance is indicated by the size of the bubble. For both systems, the yield increases 
with increasing pv size, since additional energy sales can be realized. Also a small increase in self consumed energy 
is likely. System 1 has a smaller yield than system 2. This is not only caused by the larger lifetime of the system but 
also by the larger capacity. To compensate the effect of additional yields caused by the longer lifetime of system 2, 
we also investigated the yield of system 2 for a lifetime of 10 years (System 2, 10y). The yield is larger than in case 
of system 1 but also the variance increases. This is caused by some households which benefit significantly more 
from the storage size.
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However, previous investigation have already shown that in average, smaller capacity pays off for system 
lifetimes of about 10 years [21]. But for larger capacities and larger lifetime a significant increase of yield can be 
observed.
Figure 2: Mean discounted Yield for different system designs and different households with varying pv size (6 kWp, 8 kWp, 12 kWp, 16 kWp). 
The radius of the circle represents the variance of the distribution of yields.
In order to have a more detailed view Figure 3 and Figure 5 show the yield for system 1, system 2 and system 2 
with 10 years of lifetime for each household at different pv size. The yield structure for system 1 and system 2 looks 
rather similar, although the yield is significant larger for system 2. 
Reducing the lifetime of system 2 to 10 years shows a significant change in the yield structure (Figure 5). The 
variance between different households is larger. There are households showing roughly the same yield as for system 
1. Other households have an additional yield of about 10.000€. These results indicate that a large capacity combined 
with the right combination of pv can also provide enough yield. However, this requests a dedicated analysis of each 
load and production profile. Therefore it seems to be simpler to use a system with a larger lifetime compensating the 
variations to receive significant larger yields.
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Figure 3: Distribution of discounted yields for System 1 (left) and System 2 (right) with different size of pv plants.
Figure 4: Distribution of discounted yields for System 2 with a reduced lifetime of 10years with different size of pv plants.
5. Battery Lifetime 
The investigation in section 4.2 shows that a long lifetime is critical to achieve the maximum possible yield. The 
longer the lifetime of the system, the more ்ܻ benefits from the growing increase of energy costs caused by inflation 
and increase of electricity price. 
The lifetime of batteries are determined by two effects: the cycle lifetime, which is determined by the maximum 
number of cycles, and the calendaric aging [22], [23]. The number of cycles can be estimated as ~250-270 cycles 
per year and most battery technology promises to provide the necessary amount of cycles. 
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Estimation about the calendaric aging is quite difficult but the root causes are known: The dwell times at different 
state of charge (SOC) and the temperature. While the ambient temperature can be controlled, the warming caused by 
charging cannot. 
The left panel of Figure 5 compares the dwell time for a system with 2.5 kWh capacity and a system with 
8.8 kWh installed capacity. These dwell times have been extracted from the optimized time series [21]. The system 
with a smaller capacity stays about 10% more often in a completely charged state, which causes a stronger decrease 
in lifetime. This is caused by the fact, that one revenue stream for the pv storage system is peak shaving, which 
implies that the small battery is completely charged over the day waiting to be discharge in the end of the day.
Figure 5:Histogram of measured dwell times for a system with small capacity and with larger capacity (left) and Cumulated probability of E-
Rates for a system with smaller and larger battery capacity (right) [21].
In order to estimate the impact of different capacities on the calendaric aging, the E-Rates are being calculated. 
The E-Rate determines the power relative to the installed capacity. If the voltage level of the battery is given the C-
Rate can be calculated respectively. The right panel of Figure 5 shows the cumulated probability of E-Rates for a 
small and a larger battery capacity. The system with a larger battery is charged by significant smaller E-Rates and 
therefore with a significant smaller charge current, which reduces the calendaric aging. 
6. Relevance of upper yield performance
The upper performance yield is calculated by using perfect knowledge about the load and the production profile. 
In order to get this perfect knowledge, a perfect load and production forecast would be necessary. One can argue 
that a perfect forecast cannot be realized and therefore, the yields shown in the study cannot be realized. 
There are several possible realization of operation modes using forecasts including different methods to 
compensate forecast errors. But it is rather simple to compare the upper performance limit with the performance of a 
system using a state of the art mode of operation without using any forecast. In Table 3 these performance values 
have been calculated for two different households and two different systems. In both cases the yield of the system 
without any forecast is only 5% to 7% smaller than the optimal case. This implies that the total benefit of a perfect 
forecast is rather small: Only 600€ or 1000€ for a system with a small battery and a short lifetime, and 1500€-3000€ 
for a system with a longer lifetime and a larger capacity.
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Table 3: Difference between the upper yield limit (i.e. perfect forecast) and a state of the art system design (no forecast) [21].
7. Summary and conclusions
In this study, we have been calculating the upper performance limits for different residential pv storage systems. 
We applied this framework on 40 different German households and compare the performance of two different pv 
storage systems: One system has a small capacity and a short lifetime. The second system has a larger capacity and a 
longer lifetime. Our investigations show that the upper performance limit allows an economical operation for both 
system designs for pv generators larger than 6 kWp. But the stress for the system with the smaller battery is 
expected to be higher, which reduce the overall lifetime of the battery. Larger system operate in a more relaxed 
mode of operation being also able to have a larger leverage because they are able to move more energy into the 
night time over a longer system life time, which results into a higher yield.
The upper yield calculated in this study is similar to a pv storage system, having a perfect load and production 
forecast. Our investigation shows that this benefit of this perfect forecast is rather small, without any forecast 
methods the yield is only 5-8% lower than the upper performance limit. This suggests that the benefit using a 
forecast is rather small and the algorithm and the operation mode needs to come very close to the ideal situation.
The result in this study suggests that using a system with a larger lifetime, a larger battery capacity and a larger 
pv generator provide a high yield and seems to be the best choice for all households investigated in this study. 
The performance indicator in this study focused only on self sufficiency as a possible revenue stream of pv 
storage systems. Obviously there are business cases, which need larger capacity: If pv storage systems are used as 
power supply in case of grid failures or ancillary services are offered, a small capacity is not able to benefit from this 
additional value streams.
Further investigations will the influence of this optimized mode of operation on the battery lifetime, which may 
have a significant impact on the yield of systems with a smaller capacity and lifetime.
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